For optimal mitochondrial activity, the mitochondrial proteome must be properly maintained or altered in response to developmental and environmental stimuli. Based on studies of yeast and humans, one of the key players in this control are m-AAA proteases, mitochondrial inner membrane-bound ATP-dependent metalloenzymes. This study focuses on the importance of m-AAA proteases in plant mitochondria, providing their first experimentally proven physiological substrate. We found that the Arabidopsis m-AAA complexes composed of AtFTSH3 and/or AtFTSH10 are involved in the proteolytic maturation of ribosomal subunit L32. Consequently, in the double Arabidopsis ftsh3/10 mutant, mitoribosome biogenesis, mitochondrial translation and functionality of OXPHOS (oxidative phosphorylation) complexes are impaired. However, in contrast to their mammalian or yeast counterparts, plant m-AAA complexes are not critical for the survival of Arabidopsis under optimal conditions; ftsh3/10 plants are only slightly smaller in size at the early developmental stage compared with plants containing m-AAA complexes. Our data suggest that a lack of significant visible morphological alterations under optimal growth conditions involves mechanisms which rely on existing functional redundancy and induced functional compensation in Arabidopsis mitochondria.
Introduction
Cellular homeostasis depends on mitochondria, which are crucial for ATP production and play integral roles in a number of metabolic pathways and signaling cascades (Palikaras and Tavernarakis 2014, Topf et al. 2016) . Mitochondrial proteases participate in diverse processes essential for maintaining proper mitochondrial morphology and function through the degradation of damaged, misfolded, non-assembled and short-lived regulatory proteins, or through the proteolytic processing of pre-proteins (Kwasniak et al. 2012 , Anand et al. 2013 , Bohovych et al. 2015 , Quirós et al. 2015 , van Wijk 2015 . Some mitoproteases, called ATP-dependent proteases, exhibit a chaperone-like activity in addition to proteolytic activity, which is believed to promote protein complex assembly or translocation of mitochondrial proteins through membranes (Arlt et al. 1996 , Tatsuta et al. 2007 , Botelho et al. 2013 , Voos et al. 2013 . Typically, mitochondria contain three types of ATPdependent proteases: located in the mitochondrial matrix, Lon and Clp, and anchored in the inner mitochondrial membrane, FTSH, which are also termed AAA proteases (ATPases associated with diverse cellular activities) .
Mitochondrial m-AAA proteases are zinc metalloenzymes, with their proteolytic and chaperone-like domains exposed to the matrix. Together with the orthologous i-AAA proteases, which have an inverted membrane topology and are active in the intermembrane space, m-AAA proteases preserve the proteostasis of the inner membrane (Baker et al. 2011 , Janska et al. 2013 , Quirós et al. 2015 , Smakowska et al. 2016 , Opalinska et al. 2018 . In yeast, the m-AAA protease exists as a large complex comprising two closely related subunits (Yta10 and Yta12) (Arlt et al. 1996) . Large m-AAA hetero-oligomers have also been identified in humans (paraplegin/AFG3L2) and Arabidopsis (AtFTSH3/AtFTSH10) (Banfi et al. 1999 , Kolodziejczak et al. 2006 . The hetero-and homo-oligomeric complexes of m-AAA proteases reportedly co-exist in plants and humans. The Arabidopsis AtFTSH3 and AtFTSH10 and human AFG3L2 proteins can homo-oligomerize, unlike the mammalian paraplegin or yeast Yta10 and Yta12 proteins (Koppen et al. 2007 ).
Mutations in m-AAA proteases result in a lethal respiratory deficiency in yeast cells, and are linked to several neurological disorders in humans, such as spinocerebellar ataxia, hereditary spastic paraplegia and chronic progressive external ophthalmoplegia (Atorino et al. 2003 , Di Bella et al. 2010 , Pfeffer et al. 2014 . A number of mitochondrial pathways become dysfunctional in cells when m-AAA proteases are depleted. In yeast and mammals, these defects include impaired translation, deficiencies in the OXPHOS (oxidative phosphorylation) system and abnormal mitochondrial dynamics (Atorino et al. 2003 , Nolden et al. 2005 , Almajan et al. 2012 . Furthermore, disturbed cristae morphogenesis, defects in axonal trafficking of mitochondria, deregulated mitochondrial Ca 2+ homeostasis and rapid oligodendrocyte cell death were observed in mammalian cells (Kondadi et al. 2014 , König et al. 2016 , Wang et al. 2016 . The morphology of Arabidopsis mutants lacking either AtFTSH3 or AtFTSH10 (single mutants), grown under shortday conditions (8 h light/16 h dark), is comparable with that of wild-type (WT) plants, but they display a reduced assembly/ stability of their respiratory complexes (Kolodziejczak et al. 2006) .
In yeast, m-AAA proteases were first identified as quality control enzymes required for degradation of incompletely synthesized, misfolded, damaged or non-assembled proteins (Pajic et al. 1994 , Guzélin et al. 1996 . These m-AAA proteases were also later reported to act as regulatory and processing enzymes (Nolden et al. 2005 , Rugarli and Langer 2006 , Quirós et al. 2015 , and mediators for protein translocation through their chaperone-like activities (Tatsuta et al. 2007 ). The processing of the ribosomal subunit MrpL32, which regulates ribosomal biogenesis and formation of OXPHOS complexes, is postulated to be a central function of the m-AAA protease in yeast, and all visible phenotypes of m-AAA protease-deficient yeast probably result from impaired maturation of MrpL32 (Nolden et al. 2005 , Bonn et al. 2011 . Moreover, the proteolytic processing of MrpL32 by the mammalian m-AAA protease has also been reported (Koppen et al. 2007) So far, apart from MrpL32, several other substrates of yeast and mammalian m-AAA proteases have also been identified (Guzélin et al. 1996 , Arlt et al. 1998 , Tatsuta et al. 2007 , Koppen et. al. 2009 , Dasari and Kölling 2016 , König et al. 2016 . In contrast to yeast and mammals, the endogenous substrates of m-AAA proteases have not yet been described in plants.
To our knowledge, this is the first report on the identification of the natural substrate of the plant mitochondrial m-AAA protease that documents the ability of Arabidopsis m-AAA complexes to process mitoribosomal AtL32 protein in vivo. Maturation of the AtL32 protein is important for the biogenesis of mitoribosomes, mitochondrial translation and OXPHOS functionality, but the growth and development of Arabidopsis are only mildly affected by a lack of it.
Results
AtFTSH3 and AtFTSH10 proteases restore the proteolytic and chaperone-like activity of the yeast m-AAA mutant (yta10/12)
The successful complementation of yeast cells lacking the m-AAA complex with plant m-AAA proteases provided the first indication that plant and yeast proteases have similar substrate specificities (Kolodziejczak et al. 2002 ). The present results indicate that the reported functional complementation is caused by the ability of plant m-AAA proteases to process the yeast precursor of the ribosomal protein MrpL32 (Fig. 1) . Briefly, immunoassays using antibodies recognizing the yeast MrpL32 protein revealed that the MrpL32 precursor was detected only in a yeast strain lacking m-AAA (yta10/yta12), whereas its mature form was present in the WT and the yta10/yta12 mutant transformed with AtFTSH3 or AtFTSH10. Interestingly, the complementation also restored the chaperone-like activity in mutant yeast. The proteolytic maturation of Cyt c peroxidase (Ccp1) was previously reported to depend on the dislocation of the Ccp1 precursor from the membrane by m-AAA protease, a function dependent on the chaperone-like activity of the m-AAA protease (Tatsuta et al. 2007 ). The presence of mature Ccp1 in yta10/yta12 yeast mutant cells transformed with AtFTSH3 or AtFTSH10 indicates that both plant and yeast m-AAA play similar roles in Cyt c peroxidase processing (Fig. 1) . However, the plant enzyme is probably less efficient because the mature Ccp1 co-exists, with its precursor, within yta10/yta12 transformed with AtFTSH3 or AtFTSH10.
Plant m-AAA processing of an AtL32 subunit and control of mitoribosome biogenesis in Arabidopsis mitochondria Next, we investigated whether plant m-AAA proteases can process a plant homolog of yeast MrpL32, and thus influence mitochondrial translation. In silico analysis of the Arabidopsis thaliana genome revealed that At1g26740 encodes the homolog of the yeast ribosomal protein MrpL32 (Fig. 2A) . The processing of MrpL32 in yeast is dependent on the integrity of the cysteine-containing motif, which stabilizes the folded state, and allows the identification of this protein as a substrate for processing, but not for degradation (Bonn et al. 2011) . Plant ribosomal proteins, such as yeast MrpL32, contains four cysteine residues, and the sequence motif essential for ribosomal protein processing is similar but not identical. In Arabidopsis, CxxC-X9-CC is present instead of CxxC-X9-CxxC, which is characteristic of yeast ( Fig. 2A) .
To examine the proteolytic activity of the m-AAA plant complex towards Arabidopsis ribosomal protein AtL32 (AtMRPL32), we generated a double-knockout T-DNA insertion line lacking both subunits of the m-AAA complex, by crossing two single mutants to make the ftsh3/ftsh10 mutant ( Supplementary Fig. S1A , B). A FLAG-tagged AtL32 precursor was introduced into both the ftsh3/ftsh10 mutant and WT plant. Immunoblotting using an anti-FLAG antibody and the mitochondrial fraction isolated from the respective lines revealed that in the WT plants the ribosomal protein precursor was fully processed to the mature form (6 kDa), whereas the majority of the overexpressed protein AtL32 remained in the precursor form (14 kDa) in ftsh3/ftsh10 (Fig. 2B) . Small amounts of mature AtL32 in the mutant indicate that other protease(s) can substitute AtFTSH3 and/or AtFTSH10 to make up for the loss of m-AAA; however, the yield of this process is not high. This result documents that Arabidopsis m-AAA enzymes are able to process plant mitoribosomal AtL32 protein in vivo.
To check whether the impaired processing of ribosomal protein AtL32 influences the biogenesis of Arabidopsis mitoribosomes, the level of mitoribosomal subunits was quantified based on the abundance of mitochondrial rRNAs and the steady-state level of some mitoribosomal proteins in ftsh3/ ftsh10, and compared with those in the WT plant (Fig. 2C) . In the mutant, significantly decreased amounts of both 26S rRNA and 18S rRNA, which are components of the mitochondrial large (LSU) and small (SSU) ribosomal subunits, respectively, were observed. These results were confirmed by estimating the abundance of mitoribosomal proteins L16 (LSU) and S4 (SSU) using immunoblotting, which showed that both L16 and S4 were less abundant in the ftsh3/ftsh10 mutant than in the WT plants (Fig. 2C ). S. cerevisiae P14120) and its plant homolog AtL32 (uniprot: A. thaliana At1g26740). The alignment was performed using Clustal X (2.0) and GeneDoc 2.7. The conserved CxxC-X9-CC seqence motif is highlighted. The arrowhead indicates the processing site in yeast MrpL32 and putative processing site in Arabidopsis L32. (B) Mitochondrial fractions were isolated from WT and ftsh3/10 mutant lines expressing FLAG-tagged AtL32 (+AtL32-FLAG). The accumulation of AtL32 precursor (p) or mature (m) form was assessed immunologically using a polyclonal antiserum directed against FLAG. A control immunoblot was also performed using mitochondria of plants without overexpression (Control). The Western blot membrane was stained with Ponceau S dye as a loading control (lower panel). (C) Comparison of mitoribosomal subunit levels in ftsh3/10 and the WT based on the abundance of mitochondrial rRNAs (mt26S and mt18S), and steady-state level of some mitoribosomal proteins (L16 and S4). Bars represent the mean ± SD from n 3 replicates. Statistically significant differences from the WT are indicated by asterisks (Student's t-test, P < 0.05).
Lack of plant m-AAA decreases mitochondrial protein synthesis
In organello protein synthesis in the presence of [ 35 S]methionine using isolated mitochondria from an ftsh3/ ftsh10 mutant, or a single ftsh3 or ftsh10 mutant and WT plants revealed that the translation of mitochondrially encoded proteins was strongly reduced in the mutant lacking both AtFTSH3 and AtFTSH10 proteases, but in single mutants it was comparable with that of the WT plant (Fig. 3A) . Overall, our results indicate that the processing of AtL32 by m-AAA proteases controls mitochondrial ribosome assembly and, consequently, the efficiency of protein synthesis in Arabidopsis mitochondria. It should be emphasized that the translation is reduced exclusively when both m-AAA proteases are absent.
Subsequently, SDS-PAGE followed by immunodetection of mitochondrially encoded subunits of complex I (NAD9 and NAD1), complex IV [cytochrome c oxidase subunit 2,3 (COX2 and COX3)] and complex V (ATP6), as well as the nuclearencoded subunit of complex V (ATP2), was performed (Fig. 3B) . Steady-state levels of the complex I and V subunits were consistently decreased (by approximately 35%), but this was not observed in the case of complex IV. The levels of COX2 and COX3 were increased compared with the WT. Notably, the abundances of the non-OXPHOS mitochondrial proteins encoded in the nucleus such as isocitrate dehydrogenase (IDH), representing the matrix protein, and TOM 9.2, representing outer mitochondrial membrane proteins, were similar in the mutant and WT mitochondria.
Abundance and activity of OXPHOS complexes are altered in ftsh3/ftsh10 mitochondria To monitor the functional consequences of decreased translation efficiency in the ftsh3/ftsh10 mutant on the OXPHOS system, we performed Blue native (BN)-PAGE of digitonin-solubilized mitochondria. The abundance of OXPHOS complexes was estimated on the basis of Coomassie staining (with the exception of complex IV) and the intensity of immunodetection signals, whereas the activity of complexes was visualized by specific histochemical Immunoblotting with IDH and TOM9.2 antibody, and Coomassie Brilliant Blue staining of the membrane (CBB) was used as the loading control. Bars represent the mean ± SD from n 3 replicates. Statistically significant differences of protein amount between the WT and ftsh3/10 are indicated by asterisks (one-sample t-test, P < 0.05).
staining. In BN-PAGE, we observed that the mitochondria of ftsh3/ftsh10, but not of single mutants (date not shown), contained significantly lower amounts of supercomplex I + III 2 , complex I and complex V compared with the WT (Fig. 4) . The decline in protein complex abundance was approximately proportional to the reduction in complex activity, suggesting that reduced activity levels of supercomplex I + III 2 , complex I and complex V resulted from their smaller amounts. Only complex IV differed from other OXPHOS complexes, and showed an increased abundance (based on immunological detection with antibody directed against COX2 and COX3); however, its activity was largely unaffected compared with the WT. The increased level of assembled COX2 and COX3 is consistent with results obtained from steadystate analysis of those subunits (Fig. 3B) and indicates that accumulated proteins are incorporated into complexes. Interestingly, the increased incorporation of COX2 into complex IV poorly correlated with activities of this complex, suggesting that the accumulation of COX2 did not affect the functionality of complex IV.
Subunits of complex IV are stabilized in the m-AAA mutant Given that the COX2 protein accumulates in ftsh3/ftsh10, despite the significantly reduced synthesis because of impaired mitochondrial translation, we decided to monitor its stability in intact mitochondria isolated from the ftsh3/ftsh10 mutant compared with the WT (Fig. 5 ). Additionally, we tested the stability of another mitochondrially encoded protein: subunit 9 of NADH dehydrogenase (NAD9) and two nuclear-encoded mitochondrial proteins: the b-subunit of the F1F0-ATPase complex (ATP2) and NADP + -dependent isocitrate dehydrogenase (IDH). The rate of COX2 degradation is significantly slower in m-AAA protease-deficient mitochondria than in those of the WT. Under identical conditions, the rate of degradation of NAD9 and ATP2 in the ftsh3/10 mutant and the WT did not reveal significant differences. At the same time, however, in WT mitochondria the degradation rate of these proteins is generally very slow, preventing us from drawing a clear conclusion about the stability of these proteins. The turnover rate of IDH is comparable in the mutant and WT mitochondria. Altogether, we suggest that the elevated abundance of COX2 in the ftsh3/ftsh10 mutant results from its increased stability.
Lack of m-AAA proteases only slightly alters Arabidopsis development under optimal growth conditions
Comparative analyses of the growth stage progression during the early development of the m-AAA mutants and WT plants under , immunodetection] and activity (in-gel enzyme assay) of mitochondrial respiratory complexes I, V and IV, and the supercomplex I + III 2 separated by BN-PAGE. Bars represent the mean ± SD from n 4 replicates.The one-sample t-test was used to determine whether differences in the activity or protein amount between WT and mutants were statistically significant *P < 0.05. optimal conditions [long day (LD); 16 h light/8 h dark] revealed the lack of morphological and developmental changes in single mutants (ftsh3 and ftsh10) (Fig. 6C) . The complete lack of m-AAA activity in the double ftsh3/ftsh10 mutant resulted in moderately decreased size of 2-week-old seedlings, with the root length reduced by approximately 30% compared with the WT, and a slight developmental delay (Fig. 6A) . Despite moderate alterations at the early developmental stage, the rosette morphology prior to inflorescence emergence was almost indistinguishable from that of WT plants growing in soil. Finally ftsh3/ftsh10 seedlings reached their maturity successfully and generated viable seeds (Fig. 6A) .
The lack of significant visible morphological/developmental alterations in the mutant could be explained by functional redundancy and functional compensation among proteases within plant mitochondria. To evaluate this possibility, we analyzed the transcript abundance of several known mitochondrial proteases in the studied mutant using real-time PCR and total RNA extracted from 2-week-old plants grown under LD conditions at 22 C (Fig. 7) . Statistically significant differences were observed among transcripts of genes encoding energydependent proteases: serine protease LON and metalloprotease i-AAA-FTSH4 were up-regulated in the ftsh3/10 mutant, which suggests an induction of response at the transcriptional level.
It should be emphasized that all the above-demonstrated experiments were performed using plants grown under LD and 22 C (optimal conditions). Stress conditions, such as a moderately elevated temperature (LD, 30 C), led to stronger morphological and developmental alterations in the ftsh3/ftsh10 mutant (Fig. 6B) .
Discussion
To our knowledge, this is the first report providing the experimentally proven physiological substrate of plant mitochondrial Fig. 5 The subunit of complex IV, COX2, is stabilized in the m-AAA mutant. Turnover of COX2 and NAD9, ATP2 and IDH (as a control) was analyzed in the WT and the ftsh3/10 mutant. Intact mitochondria were incubated for 24 h at 22 C in a buffer supplemented with ATP. Steadystate levels were analyzed by Western blotting (left panel). Quantification of COX2, NAD9, ATP2 and IDH stability in ftsh3/10 mutant and WT mitochondria (right panel). Bars represent the mean ± SD from n 3 replicates. Coomassie Brilliant Blue staining of the membrane (CBB) was used as a loading control in the presented Western blot analysis (left panel, lower). m-AAA proteases. In this study, we present direct evidence that both Arabidopsis m-AAA proteases, AtFTSH3 and AtFTSH10, are able to process mitoribosomal AtL32 protein in vivo. From these results, together with previous studies of non-plant organisms (Nolden et al. 2005) , it is now well established that the processing activity of the m-AAA complex towards the ribosomal protein L32 is conserved among yeast, mammals and plants. However, in contrast to yeast cells (Arlt et al. 1998 ), mammalian neurons (Almajan et al. 2012) or glial cells (Wang et al. 2016) , the total absence of the m-AAA complex did not trigger the death of plant cells. We postulate that in Arabidopsis mitochondria lacking the m-AAA complexes, other peptidases substituted their activity towards the ribosomal protein AtL32. However, they are less efficient at this task, and in consequence an impaired biogenesis of mitoribosomes and a decreased efficiency of protein synthesis occur in ftsh3/ftsh10. It should be emphasized that in plants, the impaired mitochondrial translation was observed only when both AtFTSH3 and AtFTSH10 were absent. In the mutant lacking only one m-AAA protease, the efficiency of translation was comparable with that of WT mitochondria. This finding could be explained by the ability of Arabidopsis m-AAA proteases to form homo-oligomers ) with overlapping activity with hetero-oligomeric m-AAA complexes. Significantly reduced amounts of the mature form of murine MrpL32, and translation impairment (by approximately 50%) was detected in mouse liver mitochondria lacking paraplegin, despite the fact that the remaining m-AAA proteases (Afg3l2 and Afg3l1) are able to oligomerize (Nolden et al. 2005 ). However, a reduced protein synthesis rate was not observed in paraplegin-deficient brain mitochondria.
In this case, despite the lack of paraplegin, the abundances of Afg3l2 and Afg3l1 were not altered (Koppen et al. 2007) , which suggests that the extent of the detectable impairment of mitochondrial translation is related to the tissue-specific expression levels of mammalian m-AAA protease isoenzymes (Almajan et al. 2012) . In Arabidopsis, AtFTSH3 is the predominant protease in leaves of WT plants, but in the ftsh3 mutant we observed almost complete compensation by an increased abundance of the AtFTSH10 protein . Similarly, when AtFTSH10 is absent, an increased level of the AtFTSH3 complex was found. Thus, the present data show a functional conservation between yeast and plant mitochondrial m-AAA proteases, but it should be noted that in the case of plants, the ability to process yeast MrpL32 and its plant homolog AtL32 is exhibited by both Arabidopsis homooligomers, AtFTSH3 and AtFTSH10 (Fig. 1) .
Here we also showed that the impaired translation in ftsh3/ ftsh10 is associated with reduced abundance of the steady-state level of the mitochondria-encoded proteins representing complexes I and V (NAD1, NAD9 and ATP6). Furthermore, not only the shortage of subunits, but also a shortage of the amount of fully assembled complexes I and V, as well as decreased activity of these complexes, were observed in the double m-AAA mutant. Most probably, the formation of those complexes in ftsh3/ftsh10 is restricted by the availability of the mitochondrially encoded subunits due to decreased efficiency of mitochondrial translation. Impaired translation may contribute to the decreased biogenesis of complexes I and V in ftsh3/ftsh10; however, we cannot rule out an alternative, not mutually exclusive, mechanism, which may be connected with the loss of chaperone-like activity of m-AAA proteases required for supporting the assembly or stability of these complexes. However, the decrease in the abundance of subunits is only moderate (30% maximum, Fig. 3B ) compared with what was expected based on the severely low translation efficiency observed after the in organello assay (Fig. 3A) . More research is needed to understand this discrepancy, but one possible explanation is an enhanced assembly/stability of OXPHOS complexes as a feedback response attempting to remove a negative effect of decreased translation.
In contrast to complexes I and V, the markedly increased abundance of complex IV, detected by the antibody against COX2, was found in mitochondria lacking m-AAA proteases. The small tendency toward accumulation was also observed at a steady-state level of the COX2 protein. Our results indicate an increased stability of COX2 in Arabidopsis mitochondria lacking the m-AAA complex compared with wild type plants. Taken together, these findings suggest that COX2 could be a potential substrate for m-AAA proteases. In the absence of the m-AAA complex, the COX2 protein accumulates, instead of being translocated from complex IV and degraded. The observed accumulation may also create some currently undefined compensating mechanisms, including a longer halflife of subunits, or it might stem from the protective effects of interaction with other proteins (Stiburek et al. 2012) .
Surprisingly, we found that the absence of the m-AAA complex causes only minor phenotypic changes, mainly a slightly Fig. 7 The transcript level of several mitochondrial proteases: Lon, FTSH4 and ClpX (ATP dependent); OMA1 and IMP1 (ATP independent). Analysis was performed by quantitative real-time PCR. The relative abundance of transcripts is expressed as the log2 ratio. Data are the mean ± SD from three independent biological replicates (for each biological replicates at least two technical replicates were performed). Statistically significant differences from the WT are indicated by asterisks (Student's t-test, P < 0.05).
reduced root length, under optimal conditions. This feature distinguishes the plant m-AAA mutant from other organisms lacking m-AAA proteases, since studies of yeast and mammalian cells showed that the m-AAA complex is required for cell survival (Wang et al. 2016) . The lack of strong visible morphological alterations under optimal conditions in ftsh3/ftsh10 is intriguing, and probably reflects a functional redundancy among mitoproteases, and compensatory responses induced by the absence of the m-AAA complex. We observed an up-regulated level of transcripts of the mitochondrial ATPdependent proteases Lon and AtFTSH4, which may be one of the potential compensatory responses in the double ftsh3/ ftsh10 mutant. AtFTSH4 is a homolog of the yeast i-AAA protease, which has an overlapping proteolytic activity with the yeast m-AAA protease (Leonhard et al. 2000) . The yeast study also demonstrated that overexpression of PIM1, a homolog of the Arabidopsis protease Lon, in the yta10/12 mutant restores respiratory competence, suggesting a functional overlap with the m-AAA protease (Rep et al. 1996a ). The suppressor effect was enhanced by the overproduction of the proteolytically inactive form of PIM1 (Rep et al. 1996b) . Thus, it is conceivable that in Arabidopsis Lon can replace the m-AAA complex with its chaperone-like function in ftsh3/ftsh10 mitochondria, leading to the increased assembly/stability of OXPHOS subunits despite their severely decreased translation. This suggestion is consistent with the recently reported role of Lon1 protease in Arabidopsis mitochondria as a chaperone aiding the proper folding of newly synthesized/imported proteins to stabilize them (Li et al. 2017 ). However, the compensation effect is fragile, because under stress conditions, such as moderately elevated temperature, phenotypic alternations become more pronounced in ftsh3/ftsh10. It seems that under unfavorable conditions, when compensatory reactions are not fully effective, the function of the m-AAA complex becomes more crucial for plant growth and development. Further studies are necessary to understand fully the compensatory mechanisms responsible for the survival of plant cells lacking the m-AAA complexes as well as a role for FTSH3 and FTSH10 proteases in stress response.
Materials and Methods

Plant material and growth conditions
The A. thaliana WT and T-DNA insertion lines were of the Wassilewskija ecotype. The transgenic lines of ftsh3 (FST:FLAG_379C01) and ftsh10 (FST:FLAG_461H05) were obtained from the National Institute for Agricultural Research (INRA, France). The ftsh3/ftsh10 double mutant was generated through a cross of the two single mutants (ftsh3 and ftsh10), and the homozygous line was selected using gene-and T-DNA-specific primers (Supplementary Table S1 ). The position of the T-DNA insertions of the ftsh3/ 10 homozygous knockout plants was verified by sequencing ( Supplementary  Fig. S1A ). Lack of expression of the ATFTSH3 and ATFTSH10 genes was confirmed by loss of full-length amplicons from the cDNA template (by RT-PCR using primers listed in Supplementary Table S1 ) and a lack of both AtFTSH3 and AtFTSH10 proteins (Supplementary Fig. S1B ). Plants were grown in growth chambers in a 16 h light/8 h dark (LD) photoperiod at a temperature of 22 C for 2 weeks with a light intensity of 100 mmol m -2 s -1 . Growth progression was analyzed according to Boyes et al. (2001) .
Generation of the WT-L32-FLAG and ftsh3/ftsh10-L32-FLAG line
The transgenic Arabidopsis line with AtL32 protein overexpression was generated using the pGWB502 vector (Nakagawa et al. 2007 ) via vacuum infiltration (Clough and Bent 1998) of Agrobacterium tumefaciens strain LBA4404. The selection of transformants was performed on half-strength Murashige and Skoog (MS) medium supplemented with 30 mg ml -1 hygromycin, and AtL32-FLAG-tag overproduction was confirmed by PCR (using the primers listed in Supplementary Table S1 ) and Western blots using anti-FLAG antibody.
Functional expression of plant m-AAA proteases in yeast
Isolation of mitochondria, gel electrophoresis and Western blotting
Isolation of mitochondria from 14-day-old seedlings for SDS-PAGE, BN-PAGE and in organello protein synthesis was performed as described by Smakowska et al. (2016) . Isolation of yeast mitochondria was performed according to Daum et al. (1982) . SDS-PAGE as well as protein and catalytic staining of BN-polyacrylamide gels were performed as described by Kolodziejczak et al. (2006) . Blots were probed with antibodies against: FLAG (Sigma); Arabidopsis mitoribosomal proteins, S16 and S4 (Agrisera); mitochondrial proteases, AtFTSH10 and AtFTSH3 (Agrisera); OXPHOS subunits, NAD9 and NAD1 (obtained from Etienne Meyer; Lamattina et al. 1993) , ATP2 (Agrisera), ATP6 (obtained from Christiane D. Chase) as well as against TOM 9.2, IDH (Agrisera) and yeast proteins MrpL32 and Ccp1 (obtained from Magdalena Rakowska-Boguta). Immunodetection was performed using the WesternBright TM Quantum Western blotting detection Kit (Advansta). Proteins were visualized with enhanced chemiluminescence using a G-BOX ChemiXR5 (Syngene) and the optical density of the bands was quantified with ImageJ software.
In organello protein synthesis
In organello protein synthesis was performed according to the procedure described by Kwasniak et al. (2013) . Radiolabeled proteins were separated by SDS-PAGE and visualized by autoradiography.
RNA isolation, cDNA synthesis and real-time PCR analysis
Total RNA was isolated from 14-day-old seedlings using the GeneMATRIX Universal RNA Purification Kit (EURx). The reverse transcription reaction was performed using a reverse transcription kit (Applied Biosystems). Real-time PCR analyses were performed as described by Kwasniak et al. (2013) with the ACT2 gene (At3g18780) as a reference.
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